e aim of this study is to design a new dynamic mechanical analysis (DMA) measurement system that can operate for shear tests at frequencies as high as 10 kHz with strain amplitudes sufficient for viscoelastic materials operating in high-frequency deformation applications, such as tire rubbers. e available DMA systems in market cannot effectively operate for accurate and direct measurement of viscoelastic material properties for applications dealing with high-frequency deformation of materials. Due to this, the available DMA systems are used for indirect measurements at low frequencies and low temperatures, followed by using time-temperature superposition principle to predict the properties at high frequencies. e goal of this study is to make the range of the test broad enough to eliminate the use of the time-temperature superposition principle in the determination of properties of viscoelastic materials. Direct measurement of viscoelastic material properties and increasing the accuracy of results are the main motivations to design a new DMA system. For this purpose, the state-of-the-art technologies to achieve high frequencies and strain amplitudes as well as instrumentation and control of the system are studied. e design process is presented in this paper.
Introduction
Unlike elastic and viscous behavior, some materials, such as rubber, resemble a viscoelastic characteristic upon deformation. is behavior is similar neither to what is seen in a purely elastic material where the phase difference between the stress and strain waves is zero degrees nor to the response of a purely viscous material where the phase difference between the stress and strain waves is 90 degrees. In this case, the phase difference falls somewhere between these two extremes [1] . If a phase difference closer to zero degree is reported, the elastic behavior is more likely to be seen, and consequently, the storage modulus is greater than its loss modulus. On the contrary, when the phase difference is closer to the other end of this spectrum, viscous characteristic will be more dominant than its elastic characteristics resulting in a greater loss modulus compared to the storage modulus. In a viscoelastic material, the material temperature and the frequency of strain and stress waves play important roles in defining the phase difference between these two waves. In a tire, the road contact area with tire tread determines the frequencies of the rubber expansioncontraction when the tire rotates on the road. In addition to the rubber chemical composition, the properties of phase difference and the storage/loss modulus of the rubber treads depend on the road texture profile wavelengths. ere are different configurations of road texture profiles that determine the rubber tread expansion-contraction frequencies and the rubber dry and wet tractions. Nowadays, the attention to the vehicle safety is increased specially with the newly developed autonomous vehicles [2, 3] . Casualty and fatality in car accidents highly depend on road condition. Statistically, probability of accidents is two to three times more when roads are wet [4] [5] [6] [7] [8] . erefore, investigations to study the rubber tread properties at frequencies corresponding to the rubber wet friction are highly supported. Researchers try to predict the rubber compound wet traction, and it is reported that rubber viscoelastic properties should be measured at the range of frequencies of 1 kHz to 1 MHz [9] [10] [11] [12] .
Dynamic mechanical analysis (DMA) is a promising approach to analyze the data extracted from applying a stress or strain to a viscoelastic material to measure the phase angle and deformation data from which the damping factor, tan δ, is obtained and the complex modulus and viscosity data are calculated thereafter. In different DMAs, there are two approaches that are applied for measurement: (a) forced vibration, where the vibration is applied at a set frequency bellow to the natural frequency of the specimen, and (b) free resonance, where the material is perturbed and allowed to exhibit free resonance decay. e approach based on forced vibration is more utilized and commercialized more frequently. DMAs and their applications have been described in several publications [1, [13] [14] [15] [16] [17] [18] . Especially, readers are referred to the papers published by Nolle [19] and te Nijenhuis [20] . ASTM standards are also suitable sources to use DMA systems [21] . Mostly, the maximum frequency of commercial conventional DMAs is limited to 1000 Hz for shear tests. In order to overcome this limitation, researchers in tire industry employ the time-temperature superposition principle. In fact, researchers decrease the temperature of rubber and perform the test at low frequencies and then use master curves or the Williams-Landel-Ferry (WLF) equation [22] to predict the rubber properties at high frequencies. Although the time and temperature dependency of properties is a characteristic of viscoelastic materials [23, 24] , the WLF equation constants cannot be easily obtained for different rubbers [15] . e equation constants of the WLF equation or master curves that tire manufacturers usually use are obtained for certain rubber compounds. us, using this method for new rubber compounds may not necessarily lead to an accurate determination of the rubber properties at high frequency.
For improved prediction of the rubber properties at high frequencies, especially for newly developed rubber compounds, the rubber viscoelastic properties should be measured accurately and directly at a desired frequency rather than using the time-temperature superposition principle.
ere are a few cases of high-frequency testing (up to 5 kHz) of viscoelastic materials available in the literature, but only for tension compression tests [25] [26] [27] [28] . At present, the only commercial DMA for high-frequency testing is METRAVIB VHF104 [29] and works based on bringing the specimen to the resonance and recording transmissibility data. An existing limitation for this test is lack of practical know-how to statically preload the specimen further than a limit for desired preload amount. e other limitation is that in order to run the shear test with VHF104, setting up the raw material inside the sheared gap and thus curing the material while being held in a specimen holder is inevitable prior to testing; hence, there is no chance of testing the aged material with this setup.
e third limitation of working with METRAVIB VHF104 is its inability to monitor and control the strain range. In other words, the test setup uses stressdriven process, and the amount strain is dependent on the material characteristics, mostly stiffness and geometry. is makes the strain amount difficult to keep in check. Furthermore, there are no available publications on the METRAVIB VHF104 shear test. Due to all the difficulties the current DMAs have, the goal of this study is to design a new DMA test system that can operate at frequencies as high as 10 kHz in forced vibration mode for shear test.
is test system can be generally used for the determination of properties of a broad range of viscoelastic materials for applications where the material experiences high-frequency deformations. Of course, the application of such a test system for tire industry is the direct measurement of rubber mechanical properties without using the WLF equation for predicting wet traction.
Design
Designing a new DMA system, operating at high frequencies, requires establishing an algorithm to calculate the properties of viscoelastic materials from basic measurements, choosing appropriate actuator and its amplifier, designing a closed-loop control system to adjust the actuator displacement at the desired value, choosing a force sensor, choosing a multichannel data acquisition board with high resolution and very high sampling rates, calculation of drag force against the movement of actuator and clamp, calculation of the heat build-up in the rubber specimen during the test, designing a clamp holding the rubber specimen, natural resonance and stress analyses of the clamp, etc. e focus of this paper is only on some of the design aspects of the new DMA system. It is noted that this new DMA is designed for rubber to go through simple shear.
In this section, first, the algorithm of calculations for the determination of properties of viscoelastic materials from basic measurements is presented. en, determination of the optimum rubber specimen size for the test is discussed, followed by calculation of the drag force against the clamp movement and heat built-up in the specimen during the test.
en, the piezoelectric actuator and its amplifier required for the new DMA system are introduced. Finally, the design of the clamp is illustrated.
Algorithm of Calculations in DMA System.
e algorithm starts from analyzing the stress, σ, resulted from the applied sinusoidal displacement, to the viscoelastic material specimen at the given frequency. e stress is obtained from the force sensor and the surface area of the specimen. e displacement is adjusted by the actuator controller. e frequency and the sine wave are generated by a function generator connected to the actuator amplifier.
e phase angle, δ, can be calculated from the time lag between the stress and strain sine waves, leading to computation of damping factor, tan δ, complex shear modulus, G * , loss modulus, G″, and storage modulus, G′, as shown in Figure 1 .
Actuator.
e actuator considered for the new DMA system is a piezoelectric actuator. One of the concerns when using these actuators is the push and pull forces required for the system operation. Basically, piezoelectric actuators can provide push force but they are not strong enough to provide the same pull force. us, it is necessary to calculate the required force for the piezoelectric actuator in di erent frequencies and amplitudes of the DMA system operation to choose an appropriate piezoelectric actuator. For this purpose, rst, the dependency of complex shear modulus on frequency is tested based on the typical data reported in [30] .
en, using the shear modulus, the maximum power, P, required to move two specimens at the upper limit frequency of the new DMA system, which is 10 kHz, and the strain amplitude of 0.05% is calculated from the following equation:
where h is the thickness of the specimen, G * is the complex shear modulus, and A is the surface area of the specimen. It is noted that this power is needed for oscillation of two specimens sandwiched between the moving clamp and two stationary metal parts as shown in Figure 2 .
In the second step, P 10,0.05 (maximum power at frequency of 10 kHz and strain amplitude of 0.05%) is considered a constant input to calculate the maximum strain amplitude of the specimen and the needed force at every frequency below 10 kHz from Equations (2) and (3), respectively. e results of these calculations are presented in Section 3.
After determination of the maximum force required to run the new DMA, a piezoelectric actuator with speci cations listed in Table 1 is chosen. In addition, the piezoelectric ampli er working diagram is used to calculate the actuator displacement for each frequency.
Size of Specimen.
In the process of choosing the specimen size, three factors have to be taken into consideration. e rst factor is the e ect of the size on the required force, power, and displacement of the actuator. e second factor is to avoid the shear elastic wave, which might have troublesome e ects on the results of the measurements. e third factor is the simplicity in preparation of the specimen for the DMA users.
While shear stress is exerted to the specimen, the top surface of the specimen starts oscillating, which will be propagated into the rubber as a transverse elastic wave. is incipient propagation of shear elastic wave shall be treated in a way to avoid a ecting the test results, which means the specimen thickness must be much smaller than the wavelength of the shear elastic wave [31] or the value of G * /h 2 f 2 ρ of the specimen should be much larger than unity [15] (G * is shear modulus, h is specimen thickness, f is the frequency of the oscillation, and ρ is the target material density).
e speed of shear elastic wave propagations is calculated from the following equation:
A method to avoid the shear deformation is to limit the ratio of thickness to length of the specimen to amounts less than 1/4 [32] or 1/3 [33] . In this study, the ratio of thickness to length of the specimen is taken 1/3.
Air Drag against the Clamp Movement.
e drag or resistance force of specimen moving object in a uid can be quanti ed as Complex modulus calculation
Input to the system Displacement Frequency ( f ) e strain wave is generated, ε = ε 0 sin (2πft) (i) (ii) (iii) Figure 1 : Algorithm of calculating mechanical properties of viscoelastic materials in DMAs. 
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where V is the velocity, A a is the area of the rubber specimen and clamp facing the air movement, and ρ is the fluid density. e drag coefficient, C d , is dependent on various factors including the object speed and direction, object position, object geometry, fluid density, viscosity, etc. In this study, C d is considered to be 1.28 [34] .
2.5.
Heat Generation in the Specimen. As shown in Figure 2 , two specimen blocks are located between two stationary metal parts and the clamp. ese two metal parts and the clamp are considered as ideal heat sinks for the specimens. e maximum temperature reached in the specimen is determined using the finite element analysis (FEA) method. Equation (6) represents the heat generation in the viscoelastic materials as a function of frequency and strain amplitude. For simulation of heat transfer in the specimen, the COMSOL Multiphysics software is used. Readers may refer to [35] to find more details on the heat generation model.
2.6. Clamp Design. e conventional procedure of using a single specimen shear test can be implemented; however, this may be in need of a truly rigid clamp, which means for applying the shear force, it has to consider a rigid clamp that can provide attachments between the specimen and the clamp during the test. Geometry of the specimen must be controlled cautiously so as to make modulus data thoroughly meaningful [17] . In addition, since the use of a single specimen could be problematic in axial loading [36] , it is practically more convenient to use a double-sandwich setup, which conducts the test on a pair of specimens together. Further information on this shear test can be found in the ASTM D5992 [37] . Due to thermal expansion of the fixture which will boost fluctuations in clamping force values and apply different value of forces to specimen surfaces in contact by the clamp, the double-sandwich setup can be hard for testing under conditions of broad temperature ranges [17] . e quadruple shear test is the other method that uses four replicate specimens and avoids the need for rigid restraining fixtures [36] .
For carrying out the test at high frequencies with the piezoelectric actuator, the applied force to the specimen should be diminished in a way that the piezoelectric actuator can provide the required force.
erefore, among the mentioned approaches, the double-sandwich shear test is used. In addition, in the conventional DMAs, the doublesandwich clamp is placed in the temperature chamber to apply broad temperature ranges to the rubber, and the rubber properties is calculated with the use of WLF equation [22] as described before. Usually, the clamp is made of metal, and thermal expansion of the metal causes some difficulties to hold the rubber specimen inside the clamp. Due to the fact that the designed clamp works at room temperature and directly measures the rubber dynamic properties, thermal expansion of the clamp would not be a concern. e clamp is designed in SOLIDWORKS, and a detailed design is presented by the authors in [38] . e FEA on natural resonance and stress analyses are conducted in the COMSOL Multiphysics software in order to find the natural frequency of the clamp and ensure that it can withstand high frequencies.
Results and Discussion

Dependency of Shear Modulus to Frequency.
Most properties of viscoelastic materials are dependent on time (frequency). In Figure 3 , this reliance is plotted for the shear modulus based on data presented in [30] .
Size of Specimen, Displacement, and Force.
e required specimen displacement (solid line) and the ability of the chosen piezoelectric actuator displacement (dash-dot line) at different frequencies are shown in Figure 4 . It is obvious that at high frequencies, the needed displacement for the 3 mm and 2.5 mm thickness specimens is more than the displacement that the piezoelectric actuator can provide, thus these two specimen sizes are not applicable. In addition, in testing frequency of 100 Hz, all the specimen sizes except the one with 1 mm thickness are not useful due to their higher demand of displacement which the piezoelectric actuator is not capable of providing. For the frequency of 250 Hz, only 3 mm and 2.5 mm thickness specimens are not fitted in the piezoelectric actuator displacement range. Overall, the chosen piezoelectric actuator can provide the required displacement of the specimen in the range of the frequencies of 250 Hz and 10 kHz if the thickness of the specimen is less than 2.5 mm.
e constant power curve of the frequency-amplitude of the DMA has been calculated based on the power required to provide 0.05% strain at the frequency of 10 kHz.
is curve (dash-dot line) is shown in Figure 5 . It is desired that DMA operates at any point underneath this curve. From the other side, the required force for the piezoelectric actuator for several specimen thicknesses is calculated at different frequencies and shown in Figure 5 (solid lines). In frequency of 100 Hz for 3 mm and 2.5 mm specimen thickness, the piezoelectric actuator has to provide 61.0 N and 43.5 N, respectively. If the thickness of specimen decreases, the force required to run the test decreases.
We calculated that the wavelength of the elastic wave for 10 kHz, 1 kHz, and 100 Hz would be almost 41 mm, 129 mm, and 1291 mm, respectively. In addition, the ratio of G * /h 2 f 2 ρ for 1, 1.5, 2, 2.5, and 3 mm specimen thicknesses, as presented in Table 2 , is much more than unity.
erefore, the measurement results in the new DMA will not be influenced by the elastic wave discussed earlier, and the inertial forces will be small for all the studied specimen sizes.
e air drag force against the clamp movement at different frequencies, specimen strains, and specimen thicknesses is plotted in Figure 6 . It is presumed that at high frequencies, less strain is needed, and as the frequency decreases, the strain increases. is is in accordance with the constant power criterion explained before. It is obvious that by increasing the specimen thickness, frequency, or strain, the force will increase accordingly. e results show that the maximum drag force in the worst scenario will be 5.4e − 7 N, which is negligible compared to the force required to accelerate the clamp and specimen. Consequently, there will be no need to place the test setup in the vacuum chamber.
Overall, based on the results in Figures 4-6 , the thickness of specimens more than 2.5 mm is not possible for this design because of the chosen piezoelectric limitations. Any thicknesses between 1 mm and 2 mm are suggested for the thickness of the specimen. However, for simplicity of the sample preparation by the DMA users, the 2 mm thickness is nally chosen. us, the specimen size would be 2 × 6 × 6 mm 3 .
Specimen Temperature Increase due to the Build-Up Heat during Test.
e maximum temperature increase in the rubber specimen due to the heat build-up during the test is determined using FEA analysis. Results are labeled in Table 3. e maximum temperature increase for the conventional DMAs is also compared with the new DMA in this table. e conventional DMA specimen size is chosen from [35] . e conventional DMAs usually run the test at high strain and low frequencies, so it is assumed that the conventional DMA test is run for the 30% strain at a frequency of 1Hz.
e results indicate the maximum temperature increase in the specimen for the conventional DMA test will be 18.9°C; however, for the new test setup, it would not be more than 3.8°C. e specimen temperature increase during di erent conventional DMA tests is studied in [35] . It is shown that there is a huge temperature increase happening inside the specimen during the conventional DMA tests, which may a ect the DMA tests results. 1100 2100 3100 4100 5100 6100 7100 8100 9100 100 Frequency (Hz) Figure 4 : e relation between the required displacement and the ability of the piezoelectric actuator displacement at di erent frequencies. Figure 8 illustrates the vertical and horizontal designs of the test setup. In Figure 8 (b), the new DMA test system components are de ned. e clamp material would be steel AISI 4340. Two di erent designs were considered to nd out which one has higher natural frequency to be used in a high-frequency DMA system. e results of the Eigen frequency analysis with the COMSOL Multiphysics software show that the horizontal design with the rst natural frequency of 20 kHz can endure the test conditions. In both designs, the piezoelectric actuator is attached to a force sensor for measuring the force, and this force sensor will transfer the load to the rod that provides movement in the two rubber specimens. Hence, the piezoelectric actuator needs to provide force for movement of all the design. By considering the steel material, the force sensor weight is 14 g, and the designed connection rod is 10 g. For this case, the total force is obtained and demonstrated in Figure 9 . It is obvious that for the specimen thickness of 2 mm, the maximum force required is about 160 N, which is not more than the piezoelectric actuator capability as seen in Table 1 .
e maximum push and pull forces of the chosen stacked preloaded piezoelectric actuator are 800 N and 300 N, respectively, as referenced in Table 1 ; however, in the new DMA system, there is a need for push and pull forces same as each other; thus, the maximum force capability of piezo actuator is 300 N. In addition, by increasing the frequency and decreasing the strain, as it is shown in Figure 5 , the needed force for providing movement in specimen is decreased; however, increasing the frequency results in increasing the acceleration; thus, the total needed force as it is obvious in Figure 9 is increased. e working window of the new DMA system is illustrated in Figure 10 . As shown, the starting frequency is 250 Hz with 0.67% strain and 14.1 μm displacement of the piezoelectric actuator. e ending frequency is 10 kHz with 0.05% strain and 1.5 μm displacement of the piezoelectric actuator. Any point underneath this curve is considered the operating point of the new DMA system. Figure 11 shows the piezoelectric actuator displacement capability and the needed displacement for running the test in the range of 250 Hz to 10 kHz.
Conclusion
e process of designing a new DMA test system for operating at high frequencies was described in this paper. is new DMA system can be used for measurement of mechanical properties of viscoelastic materials for applications where high-frequency deformation of these materials is required. One of the applications of this new DMA system is for testing the rubber treads for tires. Using this high-frequency system, one can conduct a direct measurement for a new rubber compound rather than using the time-temperature superposition principle. e system setup for the new DMA includes a high-load piezoelectric actuator, a low-weight force sensor, and a new designed test clamp. It is predicted that the new DMA system can operate in a broad frequency range, from 250 Hz with maximum strain amplitude of 0.67% to 10 kHz with the maximum strain amplitude of 0.05%. During the design process, the force needed for making oscillation in the viscoelastic material specimen and the displacement during the test for four sizes of specimen thicknesses were compared. According to the piezoelectric actuator capabilities for providing force and displacement in high frequencies, the 2 mm thickness specimen was chosen. e specimen size of 2 mm × 6 mm × 6 mm was nally chosen. Horizontal and vertical clamps were designed, and the Eigen frequency analysis with the COMSOL Multiphysics software shows that the horizontal design with the rst natural frequency of 
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20 kHz is the best clamp design. e e ect of elastic wave propagation was also examined to make sure its e ect will not interfere with the results of the DMA system. e maximum temperature increase in the rubber specimen due to the heat build-up during the test was also obtained.
is temperature will be less than 3.8°C in the worst scenario, which is acceptable for a DMA system. 
